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1. Introduction
The complexity of the mechanism of ATP hydro-
lysis and ATP synthesis by the ATP synthase is illus-
trated by the large number of nucleotide binding
sites. They are all localised on the F1 part of the
enzyme, the hydrophylic moiety that is responsible
for the catalytic reaction. Many e¡orts have been
made to characterise all the six binding sites and to
analyse the role of the nucleotides at each of these
sites. In the present paper we will list ¢rst some well
established features of the ATP synthase and then
discuss the results of studies on the nucleotide bind-
ing sites of the enzyme and draw some conclusions
on the catalytic mechanism of ATP hydrolysis and
synthesis. We will mainly describe studies with mito-
chondrial F1, but where relevant, studies on the en-
zyme from other sources and on the full F0F1 (F0 is
the hydrophobic membrane-embedded part of the
enzyme) will be mentioned. At present the subunit
interactions and the conformational changes during
catalysis are studied in much detail, but for conclu-
sions on the precise mechanism of catalysis the be-
haviour and properties of the nucleotide binding
sites, the topic of this review, have to be taken into
account.
1.1. Well-established features of the ATP synthase
Some features of the ATP synthase, considered as
well established, may serve as starting point for our
analysis. We name the following.
(1) F1 contains six nucleotide binding sites, located
at each of the three K- and three L-subunits of the
enzyme. After the evidence for the presence of three
K- and three L-subunits in bacterial F1 [1], it took
some years before the stoichiometry of the subunits
of the mitochondrial F1 was established [2,3] and
again a few years until also suitable evidence for a
3:3 stoichiometry of the large subunits of the chlo-
roplast enzyme was provided [4]. Concomitantly the
presence of six sites for adenine nucleotides was
¢rmly established for F1 from various sources [5^9].
As far as the nomenclature is concerned, we will call
them K- or L-sites, depending on the mainly contri-
buting subunit, although it has been shown in many
experiments [7,10^13] and con¢rmed by the crystal
structure [14] that both sites are located at interfaces
between K- and L-subunits.
(2) The catalytic sites are located on L-subunits.
This conclusion was already drawn from the initial
studies on nucleotide binding [6,15,16], further estab-
lished by the formulation of a consensus sequence for
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ATPases [17] and ¢nally unequivocally con¢rmed by
the reported crystallographic data [14].
(3) The catalytic mechanism of ATP synthase im-
plies the cooperative involvement of more than one
catalytic sites and these catalytic sites show negative
cooperativity of binding and positive cooperativity of
catalysis. The huge mountain of arguments for these
two assumptions have been well described by Boyer
[18] and they may be considered as established facts.
(4) Tight binding of a nucleotide at a catalytic site
is an intermediate step in catalysis [19,20]. Upon re-
moval of loosely bound nucleotides, one nucleotide
always remains bound at a catalytic site [21]. This
nucleotide remains tightly bound as long as the other
catalytic site(s) are empty.
On the basis of the formulated assumptions, we
will try to describe the properties of each of the six
binding sites and the role of the nucleotides at these
sites in the process of ATP synthesis and hydrolysis.
We will refer to the sites, if appropriate, with a num-
ber, as represented in Fig. 1. The three L-sites are
numbered 1^3 and the three K-sites 4^6, in order of
decreasing a⁄nity.
1.2. The di¡erent aspects of nucleotide binding
When studying the nucleotide binding sites of F1 it
is important to di¡erentiate between the various ele-
ments that are relevant for the characterisation of a
nucleotide binding site. In the introduction to several
papers the error is made that rapid exchangeability is
identi¢ed with catalytic involvement, tight binding
with a non-catalytic role and non-exchangeability
with localisation on an K-subunit. However, a cata-
lytic site may contain a tightly bound nucleotide, a
non-catalytic site may contain a rapidly exchange-
able nucleotide and a L-subunit may contain a bind-
ing site that is not participating in rapid catalysis,
despite the fact that only L-sites have catalytic po-
tential. It is therefore necessary to de¢ne the property
that is determined in a speci¢c experiment and each
binding site has to be de¢ned with respect to all four
relevant aspects: binding a⁄nity (tight or loose bind-
ing), exchangeability (non-exchangeable, slowly ex-
changeable, rapidly exchangeable), catalytic involve-
ment and localisation.
The statement that the catalytic sites are coopera-
tive may be a useful tool in the analysis of experi-
ments in which several sites are modi¢ed at the same
time with a covalently binding analogue: if the in-
hibition curve, i.e., the curve relating activity with
the number of modi¢ed sites, is linear, maximally
one catalytic site is involved in the modi¢cation,
independent of the total number of sites that has to
be modi¢ed to obtain full inhibition. If more cata-
lytic sites are involved, the inhibition curve cannot be
linear. However, this only holds when it is certain
that the covalent modi¢cation itself is not coopera-
tive.
It has been well established that the three L-sub-
units at any time point not only di¡er in binding
a⁄nity, but are also conformationally di¡erent, re-
sulting in di¡erent speci¢city of ligands [22] and dif-
ferent interaction with the small subunits [23,24].
This aspect will be treated in other contributions to
this issue and we will restrict ourselves to just the
binding properties of each site under speci¢c condi-
tions.
2. Di¡erences between di¡erent F1 preparations and
di¡erent forms of F1
2.1. Di¡erent preparations of mitochondrial F1
For the correct analysis of experiments in which
nucleotides have been bound to the enzyme, have
been exchanged or have been removed, it is impor-
tant to know the starting situation. The most widely
used preparation of bovine heart F1 is isolated ac-
cording to the procedure of Knowles and Penefsky
[25]. Before use the preparation is freed of loosely
bound nucleotides by ammonium sulfate precipita-
tion and column centrifugation [26] in the presence
of EDTA. This preparation contains three tightly
bound nucleotides [5,27^31], but when Mg2 has
been added before the removal of free and loosely
bound nucleotides, about four nucleotides remain
bound [29,32]. On the other hand, the preparations
Fig. 1. Schematic representation of the nucleotide binding sites
of F1. The upper row represents the three L-sites (1^3) in order
of decreasing a⁄nity for nucleotides. The lower row represents
the three K-sites (4^6) in order of decreasing a⁄nity.
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mostly used by the group of Allison [33,34] and the
pig heart enzyme used by the group of Gautheron
[35,36] contain only two tightly bound nucleotides
and such enzyme preparations respond di¡erently
towards added nucleotides. The most well-known ex-
ample is the so-called hysteretic inhibition after pre-
incubation of the enzyme with ADP plus Mg2 :
upon addition of ATP to ADP-incubated enzyme
the hydrolysis activity starts at a maximal rate, but
slows down to 15^20% after a few minutes. This
behaviour is not seen when the enzyme is prepared
according to the procedure of Knowles and Penefsky
[25].
Many investigators have performed experiments
with nucleotide-depleted enzyme. The procedure to
remove tightly bound nucleotides has been estab-
lished by Garrett and Penefsky [27] and can be
used to study the localisation of these nucleotides
and to determine how many of these sites are cata-
lytic [8,37], but it has to be kept in mind that the
enzyme may have acquired di¡erent properties as a
consequence of the glycerol treatment. As an exam-
ple, upon addition of adenine nucleotides or suit-
able analogues to nucleotide-depleted enzyme the
originally non-exchangeable sites are not the sites
with the highest a⁄nity any more, but the tight cat-
alytic site now has the highest a⁄nity [37^39]. The
originally non-exchangeable sites are not non-ex-
changeable any more under the usual conditions
[8,38].
2.2. F1 preparations from di¡erent sources
Although the homology between F1 from various
sources is large enough to assume that the mecha-
nism of catalysis is the same, there may be di¡erences
in some speci¢c aspects.
As an example, it has been shown that with bovine
heart F1 both the Vmax of ATP hydrolysis and the
apparent cooperativity are in£uenced by anions [40].
With yeast F1, however, the presence of anions
only a¡ects the apparent cooperativity (linearisation
of the Lineweaver^Burk plot), but not the Vmax
[41,42]. This may be due to a di¡erence in the rate
of dissociation of product relative to the rate of cat-
alysis, but it shows that care has to be taken when
results with enzyme preparations from di¡erent sour-
ces are compared. Preparations of ATP synthase
from bacteria, chloroplasts and mammals also re-
spond di¡erently towards the activating anion sul¢te,
an inhibitor of ATP synthesis in some preparations,
but not in others [43]. A well-known example is also
the presence of tightly bound nucleotides. The pres-
ence of tightly bound nucleotides in bovine heart F1,
discovered in the seventies [28,44], was important for
the development of the idea that catalysis occurs
when a nucleotide is tightly bound at a catalytic
site [19,20], but F1 preparations from the thermo-
phylic bacterium PS3 do not contain any tightly
bound nucleotide [1] and the bound nucleotides
present in the Escherichia coli enzyme preparations
may be bound at sites that are partly di¡erent from
the sites that contain the tightly bound nucleotides in
the mitochondrial enzyme.
Isolated CF1 is inactive and has to be activated, so
that there may be di¡erences in nucleotide binding
between activated and non-activated enzyme.
2.3. Di¡erences between isolated F1 and F0F1
Not many data are available on the binding of
nucleotides to isolated F0F1 and to submitochondrial
particles. For the CF0F1 the data on the modi¢cation
of all six binding sites with 2-azido-AT(D)P [45] give
relevant information and for MF0F1 recent data are
available from the work by Beharry and Bragg [46].
The latter data show a very large similarity between
the isolated F1 and isolated F0F1. The di¡erence
seems to be restricted to the exchange behaviour of
tightly bound nucleotides. SMP also contain tightly
bound nucleotides, just like isolated F1 and isolated
F0F1, but the possibility of some di¡erences in the
properties of the nucleotide binding sites should not
be excluded. The studies of van der Zwet-de Graa¡
et al. [47] show, however, that the non-catalytic K-
sites in SMP react with FSBA in the same way as
those in our isolated F1 [48] and with the same con-
sequences for the ATPase and ITPase activity. At
this point it may be relevant to mention that F1 as
isolated in our laboratory (according to Knowles and
Penefsky [25]) and the F1 from the Allison labora-
tory react di¡erently with FSBA [49]. This result may
indicate that the Knowles and Penefsky preparation
is a better model for the intact system than the Alli-
son preparation, but this has to be veri¢ed for each
aspect. Also, the absence of hysteretic inhibition in
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SMP indicates that the enzyme preparation with two
tight nucleotides is probably not as good a model for
the intact system as the enzyme with three or four
tightly bound nucleotides.
3. Properties of the nucleotide binding sites of MF1
3.1. Characterisation of nucleotide binding sites on
basis of a⁄nity and exchangeability
3.1.1. Isolated MF1
Soon after the publication of a procedure to iso-
late F1 [25] it became clear that the enzyme contains
a number of tightly bound nucleotides which are
not removed upon gel ¢ltration and ammonium sul-
fate precipitation. Only upon frequent repetition of
these steps can most of the bound ligand be ¢nal-
ly removed [21]. The most common procedure, how-
ever, to remove the tightly bound nucleotides, is
to pass the enzyme slowly through a Sephadex col-
umn in 50% glycerol, 100 mM Tris^sulfate [27].
After this step only 0.2^0.5 nucleotides/F1 remain
bound.
The literature reports on the number of tightly
bound nucleotides are in good agreement: after
two ammonium sulfate precipitation steps and re-
moval of salt, three nucleotides per F1 remain bound
when EDTA is present during the whole procedure,
either two ATP and one ADP [28] or two ADP and
one ATP [27]. In the former case one bound ATP is
slowly converted into ADP, and this conversion is
enhanced by Mg2 [31], so we may suppose that
this one ATP is bound at a catalytic site. This agrees
with the ¢nding that after treatment with 100 mM
pyrophosphate [48] or after binding of the maximal
amount of 8-nitreno-adenine nucleotides (4 mol/mol
F1), just one ADP and one ATP remain bound
[5,30]. Upon treatment of the enzyme with NAP3-2-
azido-ADP plus EDTA, one adenine nucleotide ex-
changes and just one ATP and one ADP are left [32].
The same holds when the enzyme is incubated with
any hydrolysable substrate other than ATP. Two
nucleotides, therefore, one ATP and one ADP, are
tightly bound at their binding site and do not ex-
change with added nucleotides, whether these are
substrates for the enzyme or not.
When the enzyme with three bound nucleotides is
treated, in the presence of Mg2, with a suitable
analogon like NAP3-2-azido-ADP [32], one adenine
nucleotide disappears (see above), but two molecules
of the analogue are bound quite strongly. One is
bound at the one tight exchangeable (catalytic) site,
replacing the adenine nucleotide at this site (ex-
change occurs with a Kd of about 30 WM, see below)
and the second occupies a site with a very low Kd in
the presence of Mg2 [32]. The binding of ADP to
this latter site has been studied by Kironde and
Cross [29,50] who measured both the rate of binding
and of dissociation, resulting in a Kd of 50 nM in the
presence of Mg2. During subsequent catalysis this
ADP remains bound and the binding site is clearly
non-catalytic. It should be noticed that the measured
koff has the same value as reported by Grubmeyer et
al. [51] for the koff of product ADP during single-site
catalysis (3U1034 s31) and it is the opinion of the
present authors that the low rate of dissociation
measured by Grubmeyer et al. during single-site cat-
alysis is not the rate of dissociation of ADP from the
catalytic site, but from this medium-a⁄nity non-cat-
alytic site. The rate of dissociation from the catalytic
site itself is in the order of 0.05^0.1 s31 [52,53]. The
dissociated ADP is taken up by the medium-a⁄nity
non-catalytic site when this is empty, as is also ap-
parent from the work of Kironde and Cross [29]. The
low rate of dissociation of ADP from this non-cata-
lytic site implies that the bound ADP can be ex-
changed only at a very long time scale. In the pres-
ence of Mg2, therefore, at four sites nucleotides are
so strongly bound that they remain bound after col-
umn centrifugation, in full agreement with the ex-
periments of Kironde and Cross [29,50]. Of these
four nucleotides only one is rapidly exchanged dur-
ing catalysis. Treatment of F1 with 100 mM pyro-
phosphate results in loss of both the rapid exchange-
able nucleotide and the slowly exchangeable
nucleotide, while the two non-exchangeable nucleo-
tides remain bound [48].
The preparations of F1 used by the group of Alli-
son, contain after isolation only two tightly bound
nucleotides, both ADP, that do not exchange during
catalysis [34]. A third ADP can be bound tightly to a
non-catalytic site in the presence of Mg2, inducing
the so called hysteretic inhibition (see below). Con-
sidering just the number of tightly bound nucleo-
tides, this enzyme contains in total three non-cata-
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lytic sites with high a⁄nity at which bound nucleo-
tides do not exchange during catalysis, just as in the
Knowles and Penefsky preparations.
In 1982 Cross and Nalin [54] established that mi-
tochondrial F1 contains three rapidly exchangeable
sites and three sites that do not exchange within
the time course of their experiments (a few minutes).
These data ¢t very well with our analysis: at two
sites the bound nucleotides in practice never ex-
change, and at one site the bound nucleotide
(ADP, both in our experiments and those of Cross
and Nalin) exchanges only at a very long time scale.
The other three sites are rapidly exchangeable. One
of them is the tight catalytic site discussed above and
what can be said about the other two? Nucleotides at
these sites are not retained after passage through a
centrifugation column, so the a⁄nity is relatively
low. Cross and Nalin [54] favour the idea that both
sites are catalytic, but maybe one of them is non-
catalytic, a low-a⁄nity readily exchangeable non-cat-
alytic site.
The nucleotide at the tight exchangeable site can
be exchanged with a nucleotide from the medium
with a Kd of about 30 WM [21,55]. How can this
be? Adenine nucleotides in the medium apparently
bind at a catalytic site with a Kd of 30 WM in agree-
ment with a Km value of 20^50 WM for multi-site
catalysis [56]. By cooperative interaction the nucleo-
tide bound at the tight catalytic site then becomes
more loosely bound [18,57] and is also replaced
with added ligand. Upon column centrifugation one
bound ligand with a Kd of 30 WM dissociates and
upon removal of this nucleotide from one catalytic
site, the nucleotide at the other site becomes tightly
bound and does not dissociate any more. We cannot
be certain whether the new tightly bound ligand is
bound at the original tight site, or to the (an) other
catalytic site that now has become a tight site. In any
case, an additional catalytic site binds ADP or ATP
with a Kd of about 30 WM and a similar Kd is found
upon binding of 8-azido-ATP in the presence of
EDTA to a catalytic site [58].
The sixth site, ¢nally, has a still lower a⁄nity and
this site should either be a third catalytic site or an
additional non-catalytic site. The existence of a low-
a⁄nity non-catalytic regulatory site has been postu-
lated on basis of kinetics [41,42,59], but also the
presence of a low-a⁄nity catalytic site has been
claimed [60]. This point will be further discussed lat-
er.
Also, F1 from E. coli usually contains three tightly
bound nucleotides. It has been reported that all three
bound nucleotides are non-exchangeable and from
this it has been concluded that only non-catalytic
K-sites are involved [61]. Weber et al. [62] have
shown, however, using an enzyme with a Trp at po-
sition 331 of the L-subunits, that in the isolated en-
zyme more than 0.5 nucleotide is bound at a L-sub-
unit, and we like to conclude that the possibility
should be kept in mind that of the three rather
tightly bound non-catalytic nucleotides in the E.
coli F1 one is bound at a L-subunit. The only real
conclusion is that at three sites the bound nucleotide
is not readily exchangeable, while at the three other
sites the bound nucleotide is rapidly exchanged with
nucleotides from the medium. As far as exchange-
ability is concerned, is E. coli F1 similar to MF1,
although the binding at the high-a⁄nity sites may
be less tight.
Also, the chloroplast enzyme (CF0F1) contains
three tightly bound nucleotides of which one slowly
dissociates in the presence of EDTA [45,63]. The
other two do not dissociate and do not exchange
with added nucleotides either, but it should be kept
in mind that the enzyme as isolated is not active.
F1 as isolated from the thermophylic bacterium
PS3 does not contain any tightly bound nucleotide
[1] and we cannot di¡erentiate the binding sites on
basis of exchangeability. This F1 will be discussed,
however, when we consider the catalytic involvement
of the binding sites.
3.1.2. Nucleotide-depleted F1
This form of the enzyme deserves a separate con-
sideration. It can be used to obtain information on
the two non-exchangeable sites, since the nucleotides
at these sites have been removed using a special
treatment with 50% glycerol [27]. To perform binding
experiments, the glycerol concentration is lowered till
about 10^15%. The group of Scha«fer has reported
data on both binding of photo-a⁄nity analogues to
nucleotide-depleted F1 and the resulting inhibition
after covalent modi¢cation [8,11]. The authors di¡er-
entiated three high-a⁄nity sites and three low-a⁄nity
sites. With one type of analogue two sites were modi-
¢ed, resulting in complete inhibition [11], while with
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another one three sites were modi¢ed with the same
e¡ect [8]. Since the relation between covalent binding
and inhibition was linear, probably only one of the
sites was catalytic in both cases. If more sites would
have been directly involved in catalysis, the relation
covalent binding versus inhibition would not have
been linear. These results agree with the data of Jault
and Allison [37] who showed that in nucleotide-de-
pleted enzyme three sites can bind ADP with high
a⁄nity in the absence of Mg2, and four in the pres-
ence of Mg2. Only one of these sites was readily
exchangeable (and catalytic) and this site was in
fact the site with the highest a⁄nity in this prepara-
tion (cf. [38,39]). The originally non-exchangeable
sites have become less tight than the catalytic site,
but are still not exchangeable during a 2-min chase.
Occupation with ADP of the two non-catalytic sites
showing high a⁄nity in the absence of Mg2, re-
sulted in hysteretic inhibition [37]. This phenomenon
of hysteretic inhibition will be discussed in Section
3.4.2.
3.1.3. F0F1
A⁄nity studies with the complete enzyme have
been performed both with SMP and isolated F0F1.
In SMP the number of tightly bound nucleotides has
been reported to be four [64], but these data are
possibly not fully reliable because of the inaccuracy
in the determination of the enzyme concentration
and the possible binding of adenine nucleotides to
other enzymes. The data on isolated F0F1 are more
reliable, but also these data con¢rm the presence of
four tightly bound nucleotides [46], of which one can
be removed by GTP, just like in SMP [64]. This one
binding site certainly is catalytic. As far as high-af-
¢nity binding is concerned, the data on F1F0 and
SMP are therefore in full agreement with the data
obtained with F1 isolated according to Knowles and
Penefsky [25]: each molecule contains three high-af-
¢nity sites for non- or slowly-exchangeable nucleo-
tides and one high-a⁄nity catalytic site that is ex-
changeable. The one di¡erence between isolated F1
and F0F1, as reported by Beharry and Bragg [46], is
the partial exchangeability in F0F1 of nucleotides
that are non-exchangeable in isolated F1. In SMP,
however, this di¡erence with F1 has not been seen
[64,65].
3.2. Covalent modi¢cation of speci¢c nucleotide
binding sites
3.2.1. The use of 2-azido-adenine nucleotides to probe
K- and L-sites
Many covalently binding nucleotide analogues
have been used to modify nucleotide binding sites
and to study the e¡ects of the modi¢cation. In this
review we will consider only the studies that give
information on the combination of localisation and
catalytic function.
The most suitable analogues of ATP and ADP are
2-azido-ATP and 2-azido-ADP, respectively. These
nucleotides behave in all respects very similar to
the adenine nucleotides themselves: The T and D
form are suitable substrates for the hydrolysis and
synthesis reaction, respectively, with similar Km and
Vmax values as those of the adenine nucleotides [30].
For the analysis of experimental data it should be
kept in mind that in aqueous solution an equilibrium
exists between the 2-azido-form of the analogues and
the cyclic tetrazolium form, dependent on polarity
and pH [66]. At neutral pH in water the equilibrium
is close to 1, but equilibration is slow (half-time is
about 20 min). The tetrazolium form is not sensitive
to light and the available data indicate that this form
is not a good substrate for the enzyme and does not
bind at any of the adenine nucleotide-binding sites
[30,66].
The 2-azido-adenine nucleotides bind at both low-
and high-a⁄nity sites of F1 [21,30,38,67,68]. Upon
photolysis the formed 2-nitreno-AT(D)P has been
shown to modify an amino acid in the binding site
with a relatively high (50^70%) e⁄ciency. In all cases
only amino acids belonging to L-subunits are modi-
¢ed, whether the azido-compound was bound at cat-
alytic or at non-catalytic sites. It has been shown by
Garin et al. [68] that amino acids around Tyr345
were modi¢ed by 2-azido-AT(D)P when bound at
the tight catalytic site. Cross et al. [13] have further
shown that principally only two amino acids are
modi¢ed, one in the case of binding to catalytic sites
(L-Tyr345 of the mitochondrial enzyme) and the oth-
er in the case of binding to non-catalytic sites
(L-Tyr368 of the mitochondrial enzyme). The struc-
tural data of Abrahams et al. [14] have shown that
L-Tyr368 indeed forms part of the binding site that is
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mainly formed by amino acids of the K-subunits and
L-Tyr345 forms part of the binding site on L-sub-
units. From these data it can be concluded that the
2-azido-adenine nucleotides bind to the binding sites
in exactly the same position as the adenine nucleo-
tides themselves. In F1 from other sources the ho-
mologous tyrosines are modi¢ed. This result has
been very useful for functional studies, since one
could now analyse which type of sites is modi¢ed
under speci¢c conditions. For the chloroplast enzyme
(CF0F1), Possmayer [45] has shown that in the non-
activated enzyme three sites can indeed be speci¢cally
modi¢ed at the equivalent tyrosine of Tyr345 and
three at the equivalent tyrosine of Tyr368.
The crystallographic data [14] show that in MF1
the position of AT(D)P in all three L-sites is essen-
tially identical, as well as that in the three K-sites, but
Lunardi et al. [38] have reported that with nucleo-
tide-depleted enzyme the ¢rst molecule of ligand did,
indeed, modify L-Tyr345 (a catalytic L-site), but that
subsequent binding resulted in modi¢cation of frag-
ment 72Gly-Arg83 of the L-subunit. This result has
not been con¢rmed by other groups, and the pub-
lished structure of the enzyme cannot easily accom-
modate modi¢cation of this peptide fragment by spe-
ci¢c binding at a nucleotide binding site, whether it is
an K- or a L-site. The authors, however, used cyano-
gen bromide to obtain their peptide fragments and
Hartog et al. [69] have reported that with this pro-
cedure never modi¢cation of L-Tyr368 is observed,
also not in preparations in which modi¢cation of this
amino acid can be shown using tryptic digestion. We
may conclude, then, that the modi¢cation of 72Gly-
Arg83 was an artefact, and Jault and Allison have
shown [37] that in nucleotide-depleted enzyme the
second and third bound 2-azido-ADP only modify
L-Tyr368 upon illumination.
3.3. Binding speci¢city of 8-azido-adenine nucleotides
and NbfCl
Several ligands that inhibit catalysis by binding at
a catalytic site do not bind in the pocket where the
Tyr345 is located, the pocket that contains the ADP
or AMPPNP in the crystals of Abrahams et al. [14].
NbfCl and 8-azido-ATP bind at a di¡erent site, mod-
ifying L-Tyr311 [70,71]. The region around Tyr311 is
not identi¢able in the known crystal structure as a
nucleotide binding site [14], but NbfCl and 8-azido-
ATP are in fact not real analogues of AD(T)P (8-
azido-ATP adapts the syncon¢guration instead of the
anticon¢guration), so they may not ¢t in the same
binding pocket as AD(T)P. Does, then, the region
around L-Tyr311 provide another speci¢c binding
pocket? Let us look at the binding of FSBA, a ligand
for non-catalytic sites. In the preparations of Alli-
son’s group only modi¢cation of L-Tyr368 (at the
suitable pH) has been reported as the result of spe-
ci¢c binding [49], but Hartog et al. [48] have reported
that all three K-subunits contain two binding sites for
FSBA, and the same result has also been obtained
with SMP [47]. While one site contains the L-Tyr368
and is therefore part of the adenine binding pocket,
the other site is located at about the same distance
from the P-loop, but in a di¡erent direction and
contains at least K-Tyr244 as a modi¢able amino
acid. In the preparation of Allison etheno-FSBA
also modi¢es this amino acid [72]. Binding of
FSBA at either site induces a partial inhibition of
catalysis. We may speculate, then, that also the
L-subunits contain such a second binding pocket in
the analogous position and this then is the site where
the adenosine moiety of 8-azido-ATP and NbfCl
bind, modifying L-Tyr311 [70,71]. In this respect it
is interesting that 8-azido-ADP modi¢es L-Tyr345
when aluminium £uoride is added [73], so the adeno-
sine moiety of the 8-azido-adenine nucleotides has
two possible positions, depending on the conforma-
tion of the molecule. Both binding pockets are at a
suitable distance from the P-loop and in both posi-
tions the terminal phosphate moiety binds at this
loop.
The di¡erent orientation of the 8-azido-ATP may
be the reason why the rate of hydrolysis is quite low
[30]. Upon binding to a non-catalytic site, followed
by illumination, no speci¢c modi¢cation has been
detected ([71], Hartog and Berden, unpublished ob-
servations), but this does not mean that the binding
is aspeci¢c: 8-azido-ATP competes with ATP for
catalytic sites [10]; also, binding at non-catalytic sites
prevents the binding of an adenine nucleotide at that
site (occupation of the P-loop) and 8-azido-adenine
nucleotides do not bind at other places in the en-
zyme. They may therefore be used to modify adenine
nucleotide binding sites speci¢cally, and this modi¢-
cation allows di¡erentiation between di¡erent types
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of sites. It has been shown by van Dongen and Ber-
den [58] that binding to a catalytic site, followed by
illumination, results in the covalent modi¢cation of
amino acids of the L-subunit only, in agreement with
the data of Hollemans et al. [71]. Binding to a non-
catalytic site, however, results after illumination in
the modi¢cation of amino acids from both K- and
L-subunits, in equal amounts. When both a L-site
and an K-site are modi¢ed the distribution of the
ligand over L- and K-subunits is 3:1 [58]. Using the
ligand in radioactive form, the distribution of label
over K- and L-subunits can therefore be used to de-
termine whether K- or L-sites are modi¢ed [55].
NbfCl binds speci¢cally to one L-subunit, the one
with the nucleotide binding site in the open confor-
mation [74] and although bound Nbf does not occu-
py the adenosine pocket of the binding site itself, its
presence induces complete inhibition of catalytic ac-
tivity. It is a very useful inhibitor, not only because
of its speci¢city for one catalytic subunit, but also
because its binding to L-Tyr311 can be reversed by
reducing agents like dithiothreitol and cysteine. At
high pH and upon illumination, the bound ligand
migrates to a lysine in the P-loop and then the bind-
ing cannot be reversed any more [75].
3.4. Localisation of the four exchangeable nucleotide
binding sites
3.4.1. Studies with 8-azido-adenine nucleotides
With 8-azido-ATP in the presence of EDTA two
binding sites can be occupied and covalently modi-
¢ed. The site with the highest a⁄nity (Kd about 30
WM) is a catalytic L-site, the modi¢cation of which
results in complete inhibition of enzyme activity. The
second site to be modi¢ed is an K-site, recognisable
as such by the 1:1 distribution of radioactivity over
K- and L-subunits [55,58]. The modi¢cation of this
site does not in£uence the maximal catalytic activity
of the enzyme, but it modi¢es the kinetics of the
enzyme: the apparent negative cooperativity of
ATP hydrolysis disappears and only one (the rela-
tively high) Km value is observed [55]. This phenom-
enon can be explained by the assumption that the
binding of ATP to this non-catalytic site induces
the high Km value of the catalytic sites that is ob-
served at ATP concentrations above 100 WM. The
low Km value (20^50 WM) is only observed when
this non-catalytic site is free from ATP. This inter-
pretation of the data ¢ts with the earlier conclusion
[41,42] that F1 from yeast contains a regulatory site
whose occupation by some ligands (maleate, sul¢te,
bicarbonate) induces a high a⁄nity of the catalytic
sites for their substrate (Km value 20^50 WM), while
other ligands (sulfate, ATP) induce a low a⁄nity.
The establishment of a non-catalytic site with rela-
tively low a⁄nity for 8-azido-ATP (and supposedly
for ATP) also ¢ts with the conclusion by Jault and
Allison that the enzyme contains a low-a⁄nity non-
catalytic site whose occupation by ATP results in the
dissociation of inhibitory ADP from catalytic sites
[59].
When two sites are covalently modi¢ed with 8-ni-
treno-ATP in the presence of EDTA, another two
sites can be additionally modi¢ed upon incubation
of the preparation with 8-azido-ADP in the presence
of Mg2 [5,58]. The distribution of radioactivity
shows that again both a L-site and an K-site are
modi¢ed (see Table 1). This second non-catalytic K-
site is certainly not an artefact: when 8-azido-ADP is
incubated with isolated F1 (enzyme with three tightly
bound nucleotides, of which one is at a catalytic site,
see above) in the presence of EDTA, three sites can
be modi¢ed upon illumination [55], and now the dis-
tribution of radioactivity over L- and K-subunits
(2:1) indicates that one L-site and two K-sites are
modi¢ed, in agreement with the ¢nding that the in-
hibition of catalysis is linear with the covalent mod-
i¢cation of all three sites. In addition, when one non-
catalytic site was modi¢ed with 8-nitreno-AXP, a
second non-catalytic site could be modi¢ed with
NAP3-2-azido-ADP, resulting in partial inhibition
of enzyme activity [55], as expected from binding of
this ADP analogue to the slowly exchangeable non-
catalytic site [31,32].
Repetitive treatment of F1 with 8-azido-adenine
nucleotides results in the loss of the adenine nucleo-
tide bound at the tight catalytic site and, when
present, the one at the slowly-exhangeable non-cata-
lytic site, but the two tightly bound non-exchange-
able nucleotides remain present on the enzyme [58],
as shown in Table 1. The concomitant modi¢cation
of two K-sites and two L-sites implies that one of the
two non-exchangeable nucleotides is bound at an K-
site and one at a L-site. This latter site, then, cannot
be directly involved in catalysis.
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3.4.2. Studies with 2-azido-adenine nucleotides
Since the 2-azido-adenine nucleotides behave ex-
actly the same as the adenine nucleotides and the
site of modi¢cation by the 2-nitreno-derivatives is
known (L-Tyr345 when the ligand is bound at a L-
site and L-Tyr368 when bound at an K-site), the re-
lation between localisation and catalysis can be un-
ambiguously established using these analogues.
It has been reported that upon covalent modi¢ca-
tion of catalytic sites part of the ligand is dephos-
phorylated to 2-nitreno-AMP [13,31,76] and there-
fore, it is essential for these studies that the
radioactivity is either in the adenosine part of the
molecule or in the K-P. Van Dongen et al. showed
in 1986 [30] that upon illumination of isolated F1
during incubation with 2-azido-AT(D)P, in total
four ligand molecules were covalently bound, while
the two non-exchangeable adenine nucleotides re-
mained bound at the enzyme. The sites for these
two latter nucleotides can only be occupied with 2-
azido-adenine nucleotides when they ¢rst have been
emptied by treatment with LiCl [58] or 50% glycerol
[37]. We have performed an analysis of bound 2-ni-
treno-AXP after illumination of MF1 (containing
three tightly bound nucleotides) during incubation
with 2-azido-[K-32P]ADP. The enzyme was after-
wards treated with trypsin and the resulting mixture
of peptides was analysed with HPLC. Since peptides
357Ile^Arg372 or 362Ile^Arg372 are labelled when the
ligand is bound at an K-site and peptide 338Ala^
Arg356 when the ligand is bound at a L-site, the
HPLC pattern, veri¢ed with sequence analysis, shows
how much label is connected with K-sites and how
much with L-sites. The results are reported in Table
2. The mean of four experiments is that 1.35 mol of
label were bound at K-sites and 1.78 mol at L-sites.
The lower number of labelled K-sites may be due to
the fact that only part of the low-a⁄nity K-site is
occupied at the used concentration of ligand (50
WM actual concentration is below the Kd). The result
implies that 2 mol of ligand can bind at K-sites and
2 mol at L-sites, con¢rming the conclusion obtained
from the experiments with 8-azido-adenine nucleo-
tides: two K-sites and two L-sites can be modi¢ed
with an adenine nucleotide analogue while the two
non-exchangeable nucleotides are still bound at their
original binding site. One of these latter two, there-
fore, is a L-site and one an K-site. Since both sites are
not catalytically active, only two L-sites are available
for multi-site catalysis. In agreement with this con-
clusion it is found that in MF1 one L-site is not
available for binding BzADP plus Mg2, while in
Table 1
Modi¢cation of nucleotide binding sites of MF1 with 8-nitreno-AXP
Covalent 8-N-AXP Tightly bound AXP
On L On K Total ADP ATP Total
Experiment 1
+8-N3-[2-3H]ATP+EDTA 1.06 0.35 1.41
+8-N3-[2-3H]ADP+Mg2 2.62 0.93 3.55
+LiCl+8-N3-[2-3H]ATP+EDTA 3.07 0.97 4.04
Experiment 2
Isolated MF1 - 2.25 1.60 3.85
+8-N3-[2-3H]ATP+EDTA 2.0 1.75 0.87 2.62
+8-N3-[2-3H]ADP+Mg2 3.8 1.16 0.81 1.97
Experiment 3
Isolated F1 - 3.7
+8-N3-[2-3H]ATP+EDTA 1.7 2.2
+8-N3-[2-3H]ADP+Mg2 4.2 2.0
MF1 was incubated with 8-azido-ATP+EDTA and then illuminated. Free and loosely bound nucleotides were removed and the proce-
dure was repeated once or twice. Subsequently the enzyme was illuminated in the presence of 8-azido-ADP+Mg2, followed by re-
moval of free and loosely bound nucleotides. This procedure was also repeated once. In Expt. 1 the enzyme was then treated with 0.8
M LiCl to remove tightly bound nucleotides and the treatment with 8-azido-ATP+EDTA was carried out once more. Data are taken
from [5,58].
BBABIO 44835 22-5-00
J.A. Berden, A.F. Hartog / Biochimica et Biophysica Acta 1458 (2000) 234^251242
TF1, not containing tightly bound nucleotides, all
three L-sites are available [77].
3.5. Localisation and function of the two
non-exchangeable nucleotide binding sites
3.5.1. One tightly bound nucleotide is bound at a
L-subunit
The conclusion that one of the two non-exchange-
able adenine nucleotides is bound at a L-site seems
inevitable, but the evidence should be more convinc-
ing when it was directly shown that one non-catalytic
site is a L-site. Recently we have performed such an
experiment.
Of the two tightly bound non-exchangeable nu-
cleotides about one is an ATP and one an ADP
[32,58]. In the dissociation/reconstitution studies per-
formed by Hartog et al. [69] it appeared that upon
dissociation of the L-subunits one ADP remained
bound to the K3QNA moiety, so it is quite likely that
the tight ADP was originally bound at an K-site. And
if one of the two tightly bound nucleotides is bound
at a L-site, it is most likely the ATP.
When isolated F1 is treated with 50% glycerol in
the presence of 100 mM Tris^HCl (in the classical
experiments of Garrett and Penefsky 100 mM Tris^
H2SO4 was used), the bound ATP is slowly hydro-
lysed and then released [78]. Also the ADP at the
catalytic site is released. When about one ADP was
left on the enzyme, supposedly bound at an K-site,
Hartog and Berden incubated the enzyme with 0.8
mM 2-azido-[K-32P]ATP at pH 6.4 in the presence of
EDTA, after dilution of the glycerol to 10%. After 30
min free and loosely bound nucleotides were re-
moved and the bound radioactivity was determined
and the enzyme activity assayed. Part of the sample
was then illuminated (conditions were such that the
e⁄ciency of covalent binding was only 30%) and the
other part was treated with ATP and Mg2 to re-
move 2-azido-AXP from catalytic sites. The residual
bound radioactivity was determined and also this
sample was then illuminated. Both preparations
were treated with trypsin and analysed on HPLC.
The enzyme preparation that was not chased with
ATP, contained 3 mol of 2-azido-AXP per mol of
F1, in addition to about 1 mol of residual ADP, and
of the azido-analogue 2 mol were bound at L-sites
and 1 at K-sites (Fig. 2A). After the chase 2 mol 2-
azido-AXP were still bound (in addition to the one
ADP), one at a L-site and one at an K-site (Fig. 2B).
This experiment, then, con¢rms the above conclu-
sion that in F1 one tightly bound non-exchangeable
nucleotide is bound at a (non-catalytic) L-site.
3.5.2. The tightly bound nucleotide at the ¢rst L-site is
an ATP in active enzyme, ADP inducing
(hysteretic) inhibition
It has been suggested after the initial discovery of
Table 2
Modi¢cation of nucleotide binding sites of MF1 with 2-nitreno-AXP
F1 (3 bound nucleotides)+100 WM 2-N3-[K-32P]ADP+Mg2
for 1 h (pH 7.4)
Nucleotides after UV-illumination and column centrifugation
Covalently bound 2-N-AXP Tightly bound AXP
L-sites K-sites ATP ADP
Experiment 1 1.9 1.9 0.8 1.15
+T.O. with ATP during illumination 0.1 0.85 nd nd
Experiment 2 1.64 1.1 nd nd
+T.O. with ATP during illumination 0.06 0.78 nd nd
Experiment 3 1.75 1.07 0.9 1.33
Experiment 4 1.84 1.32 0.7 1.35
Average of 4 experiments 1.78 1.35 0.8 1.28
MF1 with 3^3.5 tightly bound nucleotides was incubated with 100 WM 2-N3-[K32P]ADP+Mg2 for 1 h at pH 7.4 before it was illumi-
nated with a Penray UV lamp. After illumination, free and loosely bound nucleotides were removed and both tightly bound adenine
nucleotides and covalently bound radioactivity were determined. The enzyme was then digested with trypsin and the distribution of
the bound radioactivity over K-sites (L-Tyr368) and L-sites (L-Tyr345) was analysed using reversed-phase HPLC as described in Fig.
2. As a control the illumination was also performed after start of turnover (T.O.) with ATP and then less K-sites and no L-sites were
modi¢ed. nd, not determined
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tightly bound nucleotides that their role is structural.
Removal of tightly bound nucleotides, e.g. by cold-
dissociation [28], results in inactivation of the en-
zyme. Only in 50% glycerol tightly bound nucleotides
are not required, apparently because the active con-
formation of the enzyme is stable in 50% glycerol
(only TF1 does not require tightly bound nucleotides
in the absence of glycerol).
Hartog and Berden [78] report an analysis of the
level of bound ATP in relation to catalytic activity.
Fig. 3 (taken from [78]) shows data obtained from
preparations, of which the activity is measured in
Tris-EDTA-Sucrose bu¡er. The data suggest a nearly
proportional relation between activity and ATP con-
tent, maximal activity being obtained when the en-
zyme contains one bound ATP. Upon ageing of F1
the decrease in activity also parallels the level of
bound ATP. Since dephosphorylation precedes dis-
sociation [78], we may conclude that the tightly
bound nucleotide at the ¢rst L-site is an ATP in
active enzyme molecules. When this ATP has become
an ADP, the enzyme is not active or has a very low
activity. The formed ADP is less tightly bound and
can dissociate. With these data the phenomenon of
hysteretic inhibition can now be explained: hysteretic
inhibition means that upon addition of ATP plus
Mg2 to start hydrolysis, initially full activity of
the enzyme is observed, but with a half-time of about
1 min the enzyme becomes largely inhibited
[36,37,79]. This phenomenon is induced by preincu-
bation with ADP, but since the enzyme studied by,
e.g., Kironde and Cross [29,50] and by us (prepared
according to the procedure of Knowles and Penef-
sky) does not show any hysteretic inhibition by
ADP, none of the three sites that can be occupied
Fig. 3. Relation between tightly bound ATP and catalytic activ-
ity of F1. The ATP content of various preparations of MF1
with two or three tightly bound nucleotides in TES medium
was determined and plotted against their ATPase activity. In
the preparations with two bound nucleotides the tight catalytic
site was not occupied due to treatment with pyrophosphate
[48]. From [78].
Fig. 2. HPLC analysis of trypsin-digested F1 containing cova-
lently bound 2-nitreno-AXP at high-a⁄nity nucleotide binding
sites. MF1 in 50% glycerol with about one bound ADP left was
supplemented with 2-azido-[K-32P]ATP and diluted 5-fold with
bu¡er to obtain a solution with 10% glycerol and 800 WM 2-
azido-[K-32P]ATP at pH 6.4. After incubation for 45 min,
loosely bound and free ligand were removed by two ammonium
sulfate precipitations and two column centrifugation steps at
pH 7.4. After determination of ATPase activity (71 Wmol/min
per mg) and bound nucleotides (0.8 ADP and 3.3 2-azido-
[K-32P]AXP), samples were UV-illuminated either before (A) or
after (B) a 2-min chase with ATP/Mg2, digested with trypsin
and analysed with reversed-phase HPLC. The chase had re-
moved about one 2-azido-AXP, leaving 2.3 mol/mol. The radio-
activity pro¢les of the eluate from the HPLC vydac-C4 RP col-
umn are shown. One-minute fractions were collected and
counted for radioactivity. The fractions 17 and 22 contain pep-
tides with L-Tyr368 (K-site) and fraction 30 contains the peptide
with L-Tyr345 (L-site). In A 65% of the label is bound at
L-sites, in B 48%. From [78].
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with ADP in the latter type of enzyme preparation
(one catalytic and two non-catalytic), is responsible
for hysteretic inhibition. One high a⁄nity site, how-
ever, is not occupied with ADP, but with ATP. In
the enzyme preparations from the laboratories of
Gautheron and Allison (which show hysteretic inhi-
bition after incubation with ADP), only two high-
a⁄nity sites are occupied, both with ADP [34,35].
The assumption may be made, then, that the site
that contains ATP in the preparations isolated ac-
cording to Knowles and Penefsky, is not occupied
in the preparations from the laboratories of Gauther-
on and Allison, and may become occupied with ADP
upon incubation with this nucleotide and then hys-
teretic inhibition is observed. Also, nucleotide-de-
pleted enzyme becomes hysteretically inhibited after
incubation with ADP and dilution of the glycerol
[37], in agreement with the ¢nding of Hartog and
Berden [78] that also after dilution of glycerol-treated
enzyme to 10% glycerol and addition of adenine nu-
cleotides, the activity is proportional with the
amount of tightly bound ATP.
The hysterically inhibited preparations, then, con-
tain three bound ADP at non catalytic sites. Since
also our preparations contain three bound nucleo-
tides at non-catalytic sites when the enzyme is iso-
lated in the presence of Mg2, the only di¡erence is
the presence of ADP at the site that requires ATP for
activity, the ¢rst L-site. When, however, isolated en-
zyme that contains two tightly bound ADP is incu-
bated with ATP instead of ADP, ATP can bind to
the ¢rst L-site and the enzyme shows normal activity.
4. Some data con¢rming the involvement of only two
L-sites in multi-site catalysis
4.1. Catalytic activity of enzyme with one inactive
L-subunit
Since NbfCl is very speci¢c for one L-site and the
covalent bond can be removed with thiols, this ligand
is very useful in the analysis of catalytic involvement
of L-sites. Wang performed interesting experiments
by dissociating Nbf-modi¢ed enzyme with LiCl, fol-
lowed by reconstitution [80,81]. Since the ligand can
be removed afterwards, the activity of the same en-
zyme without inhibitor can be determined in each
step. The essential observation of Wang was that
after dissociation and reconstitution of Nbf-treated
enzyme activation occurs. Wang concluded from his
data that only one L-site is directly involved in cat-
alysis, but this conclusion did not seem to explain all
his data. Nieboer et al. [82] performed similar experi-
ments under well controlled conditions and also
these authors found a remarkable activation after
dissociation and reconstitution. Wang [81] had estab-
lished that the presence of bound Nbf at part of the
dissociated L-subunits did not a¡ect their incorpora-
tion in F1 during reconstitution and Nieboer et al.
[82] determined the expected level of reactivation as-
suming that either one, or two or three L-subunits
were (cooperatively) involved in catalysis. Their data,
shown in Fig. 4, ¢tted exactly with the expected re-
sults for the involvement of two L-subunits in catal-
ysis and did clearly not ¢t with the assumption of
involvement of either one site or three sites.
It is not yet possible to predict which modi¢cation
of the ¢rst, not catalytically involved, L-site can be
tolerated without loss of activity, since also at this
binding site conformational changes occur during
catalysis. Possmayer [45] has shown that modi¢ca-
tion of the ¢rst L-site in CF0F1 with 2-nitreno-AXP
prevents all activity and also the data obtained with
MF1 [78] indicate inhibition by 2-nitreno-AXP at the
¢rst L-site. Apparently is binding of Nbf permitted,
but not binding of 2-nitreno-AXP, although it re-
mains possible that the inhibition by the latter is
not due to the covalent binding as such, but to the
fact that bound nitreno-AXP at any L site is present
as nitreno-ADP or nitreno-AMP. More information
on this point can be derived from the data reported
by Miwa et al. [83] with TF1. These authors did not
use modi¢cation by a ligand, followed by dissocia-
tion-reconstitution, but they used isolated genetically
modi¢ed L-subunits from TF1 for the reconstitution
of intact enzyme molecules containing speci¢c
amounts of the modi¢ed subunit. They prepared en-
zyme preparations containing no, one, two or three
modi¢ed L subunits and showed that enzyme with
one modi¢ed L-subunit had 8% activity when L-
Glu190 was replaced with a glutamine, but 45% ac-
tivity when L-Glu201 was replaced with Gln. En-
zymes with two or three mutated L-subunits were
essentially inactive. More recently Amano et al. [84]
reported that the 8% activity found in the enzyme
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containing one mutant (E190Q) L subunit, was due
to scrambling, and they concluded that three cata-
lytically active L-subunits are therefore required for
multi-site catalysis. This conclusion, however, seems
quite premature. New experiments with the E201Q
mutant were not reported, but if also in this case 8%
activity was due to scrambling, the real activity was
35%, quite close to the theoretical value of 33% that
is expected when in one of the three possible posi-
tions of each L-subunit a subunit without an active
site is allowed. The mutation E201Q prevents the
binding of a nucleotide, so no catalysis is possible
at this one site. The conclusion must be that the
replacement of Glu201 with Gln allows full activity
when this non-functional L-subunit is in the position
of the non-catalytically involved L-subunit, similar to
the case when a Nbf-containing L-subunit is in this
position. In these two cases, therefore, the conforma-
tional change at the non-catalytic subunit, accompa-
nying binding and hydrolysis of substrate at a cata-
lytic site [85,86] can occur, while this change is not
possible when Glu190 is replaced by Gln or when 2-
nitreno-AXP is bound at the nucleotide binding site
(the mutation E190Q allows binding of an adenine
nucleotide, but no catalysis).
4.2. Catalysis at the ¢rst L-site is not strongly
enhanced upon addition of ATP
The best demonstration of cooperative catalysis by
F1 is the strong enhancement of the rate of catalysis
at one nucleotide binding site upon addition of
enough ATP to saturate more catalytic sites. This
phenomenon was ¢rst shown by the group of Penef-
sky [15,16,51,56] with MF1. In the original papers
the conclusion was drawn that at least two sites
were cooperating in multi-site catalysis, but later
these experiments were interpreted as indicative for
three-site catalysis, assuming that the slow uni-site
catalysis was performed by the ¢rst L-site, the L-
site with the highest a⁄nity for ATP. We think, how-
ever, that this latter assumption is not correct. With
the chloroplast enzyme it was shown that indeed the
¢rst L-site could perform slow uni-site catalysis, but
when the rate of catalysis at the ¢rst site was meas-
ured under conditions of full multi-site catalysis, this
rate remained very slow and not compatible with an
equivalent participation in multi-site catalysis [87].
The rate of catalysis at the ¢rst site is below 0.5
s31, while the overall rate of hydrolysis is about 80
s31 [87,88]. The other catalytic sites, therefore, must
have made many turnovers before the ADP dissoci-
ates from the ¢rst site. The concomitant presence of
a slow rate of catalysis (at site 1) and a fast rate (at
sites 2 and 3) is also demonstrated in a recent kinetic
analysis of the ATPase activity of CF1 [89].
Similar data have been obtained with the MF1
preparation from Allison’s group. In contrast to Pe-
nefsky’s group [51,56] Bullough et al. [33] showed
that the dissociation of ADP from the ¢rst catalytic
site is only slightly enhanced by addition of ATP,
while the overall rate of catalysis was much faster.
Penefsky rejected these results [90], but he did not
take into account that the preparation of Bullough
et al. was di¡erent from his own. The enzyme used
by Bullough et al. contained only two bound ADP at
non-catalytic sites (see above) and in this preparation
no L-site is occupied. Added ATP, therefore, binds at
the ¢rst L-site and can be slowly hydrolysed, just like
Fig. 4. Reactivation of Nbf-modi¢ed F1. Samples that were in-
activated with NbfCl were dissociated with LiCl and after de-
salting reconstituted in the presence of ATP and activity was
determined (F). The activity in the presence of dithiothreitol
was taken as the 100% value. The inactivation before the LiCl
treatment was assumed to be proportional with the amount of
bound Nbf, 100% inactivation being equivalent with 1 mol
Nbf/mol F1. After the ¢rst dissociation^reconstitution procedure
the samples were incubated again with NbfCl, and it was as-
sumed that again the additional inactivation was proportional
with additional binding. Then the dissociation^reconstitution
procedure was repeated (E). The curves drawn with a dashed
line, solid line and dot-dashed line are theoretical curves calcu-
lated on the basis of random incorporation of the dissociated
L-subunits in F1 and the involvement of three, two or one L-
subunits, respectively, in the catalytic process of ATP hydroly-
sis. From [82].
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in activated CF1. Upon addition of more ATP both
the second and third L-site bind ATP and start multi-
site catalysis, while the ¢rst site still turns over very
slowly, albeit a little bit faster than before. Penefsky’s
preparations, however, contain usually three tightly
bound nucleotides, one at a catalytic site and the
other two at one K-site (an ADP) and at the ¢rst
L-site (an ATP), as we have explained above. The
second K-site is only occupied when the enzyme is
treated with Mg2 in the presence of nucleotides.
When ATP is added to this enzyme without pretreat-
ment, it binds at the third L-site (with low a⁄nity)
and muti-site catalysis is performed (unpublished ob-
servations). To obtain high-a⁄nity binding at one
catalytic site and uni-site catalysis, the catalytic sec-
ond L-site has to be emptied, at least in part of the
enzyme molecules, and this was performed using
phosphate [15,51]. (We have shown that with a
high concentration of phosphate, and even better
with pyrophosphate, the tight catalytic site is emp-
tied, so that only the two non-exchangeable nucleo-
tides remain bound [48].) This second L-site now
binds substrate with a high a⁄nity and can perform
slow uni-site catalysis [53]. Upon addition of a high
concentration of ATP also the third L-site becomes
occupied and multi-site catalysis occurs on sites 2
and 3. Penefsky, therefore, measured a large en-
hancement of the rate of catalysis at the tight cata-
lytic site that was originally performing uni-site cat-
alysis. In the enzyme from E. coli it is relatively easy
to empty all L-sites and the measured uni-site catal-
ysis is always performed by the ¢rst L-site. Strong
enhancement of the rate of catalysis by this site
upon addition of a high ATP concentration has
been reported [91,92], but more recent data from
Xiao and Penefsky [93] show that this enhancement
is only seen when the enzyme lacks the N-subunit. In
the full enzyme no enhancement of the rate of catal-
ysis by the ¢rst site is observed upon initiation of
rapid multi-site catalysis, so only two sites are re-
sponsible for the rapid catalysis.
A special position is taken by the TF1. This en-
zyme does not contain tightly bound nucleotides [1],
although a high-a⁄nity site can be detected when the
Q-subunit is part of the molecule [94]. At the ¢rst L-
site, therefore, dissociation of ADP can be quite rap-
id, especially when the other catalytic sites are occu-
pied. An increased rate of catalysis at this site upon
addition of more substrate has, however, only been
observed with TNP^ATP as substrate [95].
The data of Noji et al. [96] show that in their K3L3Q
preparation, reconstituted from individual TF1 sub-
units, indeed all three L-sites can participate in cat-
alysis and that rotation of the Q-subunit within the
ring of K- and L-subunits can occur, but even in this
case of an incomplete enzyme (cf. [93]) with no
tightly bound nucleotides rotation does not seem to
be an essential requirement for catalysis, since only
few molecules (6%) do actually rotate.
5. Conclusion
Our analysis of the properties of the six nucleotide
binding sites of MF1 has shown that in active MF1
all six nucleotide binding sites can be well de¢ned
(see Fig. 5): of the three L-sites one is occupied
with a tightly bound ATP, ADP being inhibitory,
and the two other ones are catalytic, working coop-
eratively, so that at each moment in time one site has
a high a⁄nity (closed con¢rmation, tight binding)
and the other a low a⁄nity. The Kd of this latter
site is about 20^50 WM, but increases 5^10-fold
when a regulatory site is occupied with ATP.
Of the three K-sites one is always occupied with
ADP in the available preparations, while the second
one becomes occupied with ADP during hydrolysis
of ATP in the absence of a regenerating system or
Fig. 5. Schematic characterisation of the six nucleotide binding
sites of MF1. Sites 1 and 4 contain a tightly bound, usually
non-exchangeable, nucleotide. When ATP at site 1 is replaced
by ADP, the enzyme shows hysteretic inhibition. The sites 2
and 3 are catalytically involved in muti-site catalysis. Site 5 is a
high-a⁄nity site at which bound ADP induces a partial inhibi-
tion of ATP hydrolysis. The rate of dissociation of ADP from
this site is very slow. Site 6 is a low-a⁄nity site. Binding of
ATP at this site decreases the a⁄nity of the catalytic sites for
substrate ATP, thereby inducing apparent negative cooperativ-
ity of the ATPase reaction, and induces release of ADP from
the tight catalytic site.
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upon incubation of the enzyme with ADP in the
presence of Mg2. The koff equals 3U1034 s31 in
the presence of Mg2 [50]. We consider it likely
that during an assay in the presence of a regenerating
system this site is occupied with ATP, since when
ADP is bound at this site before the start of the
assay, the activity is nearly 40% lower than without
previous binding of ADP [31]. The third K-site is a
low-a⁄nity regulatory site, and occupation with
ATP (or ligands like sulfate) increases the Km of
the open catalytic site [55] and induces release of
bound ADP from the tight catalytic site [59].
All available data on F0F1 and phosphorylating
submitochondrial particles indicate that in the intact
system the properties of the six sites are very similar
and that also in phosphorylating SMP one site (a L-
site) contains tightly bound ATP. It is possible that
in this system also the ¢rst K-site contains ATP, since
isolated phosphorylating SMP contain two ATP and
two ADP [64]. In SMP, also the second K-site does
not exchange its nucleotide (probably an ADP) dur-
ing either ATP synthesis or ATP hydrolysis [65], just
as in isolate F1.
The enzyme from E. coli shows similar properties
as MF1, the only di¡erence being that the nucleotide
at the ¢rst L-site can easily be removed. In isolated
chloroplast F1 the ¢rst L-site contains ADP, but
activation includes dissociation of ADP from this
site. In TF1 no very tight binding sites are present
and the active conformation of the enzyme does not
require bound nucleotides for stabilisation. The ¢rst
L-site, therefore, can theoretically participate in (mul-
ti-site) catalysis, but it is not certain whether the
rotation of some molecules, as observed in the ex-
periments of Noji et al. [96], is a characteristic of
TF1, or is made possible by the lack of the N-subunit
[93] or by the slow rate of catalysis in this experi-
ment.
Acknowledgements
The authors acknowledge the contribution of Dr.
C.M. Edel to some of the reported experiments. The
part of the reviewed work that is conducted in this
laboratory was supported in part by grants from the
Netherlands Organisation for the Advancement of
Scienti¢c Research (N.W.O.) under the auspices of
the Netherlands Foundation for Chemical Research
(S.O.N.).
References
[1] Y. Kagawa, N. Sone, M. Yoshida, H. Hirata, H. Okamoto,
Proton translocating ATPase of a thermophilic bacterium,
J. Biochem. 80 (1976) 141^151.
[2] R.D. Todd, T.A. Griesenbeck, M.G. Douglas, The yeast
mitochondrial adenosine triphosphatase complex, J. Biol.
Chem. 255 (1980) 5461^5467.
[3] E. Stutterheim, M.A.C. Henneke, J.A. Berden, Subunit com-
position of mitochondrial F1-ATPase isolated from Saccha-
romyces carlsbergensis, Biochim. Biophys. Acta 634 (1981)
271^278.
[4] J.V. Moroney, L. Loprestio, B.F. McEwen, R.E. McCarthy,
G.C. Hommes, The Mr-value of chloroplast coupling factor
1, FEBS Lett. 158 (1983) 58^63.
[5] R.J. Wagenvoord, A. Kemp, E.C. Slater, The number and
localisation of adenine nucleotide binding sites in beef-heart
mitochondrial ATPase (F1) determined by photolabelling
with 8-azido-ATP and 8-azido-ADP, Biochim. Biophys.
Acta 593 (1980) 204^211.
[6] A.E. Senior, J.G. Wise, The proton-ATPase of bacteria and
mitochondria, J. Membr. Biol. 73 (1983) 105^124.
[7] F. Boulay, P. Dalbon, P.V. Vignais, Photoa⁄nity labeling of
mitochondrial adenosinetriphosphatase by 2-azidoadenosine
5P-[K-32P]diphosphate, Biochemistry 24 (1985) 7372^7379.
[8] J. Weber, U. Lu«cken, G. Scha«fer, Total number and di¡er-
entiation of nucleotide binding sites on mitochondrial F1-
ATPase, Eur. J. Biochem. 148 (1985) 41^47.
[9] G. Girault, G. Berger, J.-M. Galmiche, F. Andre, Character-
ization of six nucleotide-binding sites on chloroplast cou-
pling factor 1 and one site on its puri¢ed beta subunit,
J. Biol. Chem. 263 (1988) 14690^14695.
[10] R.J. Wagenvoord, I. van der Kraan, A. Kemp, Speci¢c
photolabelling of beef heart mitochondrial ATPase by 8-azi-
do-ATP, Biochim. Biophys. Acta 460 (1977) 17^24.
[11] M. Lu«bben, U. Lu«cken, J. Weber, G. Scha«fer, Azidonaph-
toyl-ADP: a speci¢c photolabel for the high-a⁄nity nucleo-
tide-binding sites of F1-ATPase, Eur. J. Biochem. 143 (1984)
483^490.
[12] D. Bar-Zvi, M.A. Tiefert, N. Shavit, Interaction of the chlo-
roplast ATP synthase with the photoreactive nucleotide 3P-
O-(4-benzoyl)benzoyl adenosine 5P-diphosphate, FEBS Lett.
160 (1983) 233^238.
[13] R.L. Cross, D. Cunningham, C.G. Miller, Z. Xue, J.-M.
Zhou, P.D. Boyer, Adenine nucleotide binding sites on
beef heart F1-ATPase: Photoa⁄nity labeling of L-subunit
Tyr-368 at a noncatalytic site and L Tyr-345 at a catalytic
site, Proc. Natl. Acad. Sci. USA 84 (1987) 5715^5719.
[14] J.P. Abrahams, A.G.W. Leslie, R. Lutter, J.E. Walker,
Structure at 2.8 Aî resolution of F1-ATPase from bovine
heart mitochondria, Nature 370 (1994) 621^628.
BBABIO 44835 22-5-00
J.A. Berden, A.F. Hartog / Biochimica et Biophysica Acta 1458 (2000) 234^251248
[15] C. Grubmeyer, H.S. Penefsky, The presence of two hydro-
lytic sites on beef heart mitochondrial adenosine triphospha-
tase, J. Biol. Chem. 256 (1981) 3718^3727.
[16] C. Grubmeyer, H.S. Penefsky, Cooperativity between cata-
lytic sites in the mechanism of action of beef heart mitochon-
drial adenosine triphosphatase, J. Biol. Chem. 256 (1981)
3728^3734.
[17] J.E. Walker, M. Saraste, M.J. Runswick, N.J. Gay, Dis-
tantly related sequences in the K and L subunits of ATP
synthase, myosin, kinases and other ATP-requiring enzymes
and a common nucleotide binding fold, EMBO J. 1 (1982)
945^951.
[18] P.D. Boyer, The binding change mechanism for ATP syn-
thase: Some probabilities and possibilities, Biochim. Bio-
phys. Acta 1140 (1993) 215^250.
[19] P.D. Boyer, R.L. Cross, W. Momsen, A new concept for
energy coupling in oxidative phosphorylation based on a
molecular explanation of the oxygen exchange reaction,
Proc. Natl. Acad. Sci. USA 70 (1973) 2837^2839.
[20] E.C. Slater, J. Rosing, D.A. Harris, R.J. van der Stadt, A.
Kemp, The identi¢cation of functional ATPase in energy-
transducing membranes, in: G.F. Azzone, M.E. Klingen-
berg, E. Quagliariello, N. Siliprandi (Eds.), Membrane Pro-
teins in Transport and Phosphorylation, North-Holland,
Amsterdam, 1974, pp. 137^147.
[21] M.B.M. van Dongen, J.A. Berden, Exchange and hydrolysis
of tightly bound nucleotides in normal and photolabelled
bovine heart mitochondrial F1, Biochim. Biophys. Acta
893 (1987) 22^32.
[22] P.D. Bragg, C. Hou, Reaction of membrane-bound F1-ad-
enosine triphosphatase of Escherichia coli with chemical li-
gands and the asymmetry of L subunits, Biochim. Biophys.
Acta 1015 (1990) 216^222.
[23] M.A. Haughton, R.A. Capaldi, Asymmetry of Escherichia
coli F1-ATPase as a function of the interaction of K-L sub-
unit pairs with the Q and the A subunits, J. Biol. Chem. 270
(1995) 20568^20574.
[24] M.A. Haughton, R.A. Capaldi, The Escherichia coli F1-
ATPase mutant LTyr-297-Cys: functional studies and asym-
metry of the enzyme under various nucleotide conditions
based on reaction of the introduced Cys with N-ethylmale-
imide and 7-chloro-4-nitrobenzofurazan, Biochim. Biophys.
Acta 1276 (1996) 154^160.
[25] A.F. Knowles, H.S. Penefsky, The subunit structure of beef
heart mitochondrial adenosine triphosphatase, J. Biol.
Chem. 247 (1972) 6617^6623.
[26] H.S. Penefsky, Reversible binding of Pi by beef heart mito-
chondrial adenosine triphosphatase, J. Biol. Chem. 252
(1977) 2891^2899.
[27] N.E. Garrett, H.S. Penefsky, Interaction of adenine nucleo-
tides with multiple binding sites on beef heart mitochondrial
adenosine triphosphatase, J. Biol. Chem. 250 (1975) 6640^
6647.
[28] J. Rosing, D.A. Harris, E.C. Slater, A. Kemp, The possible
role of tightly bound adenine nucleotide in oxidative and
photosynthetic phosphorylation, J. Supramol. Struct. 3
(1975) 284^296.
[29] F.A.S. Kironde, R.L. Cross, Adenine nucleotide-binding
sites on beef heart F1-ATPase, J. Biol. Chem. 261 (1986)
12544^12549.
[30] M.B.M. van Dongen, J.P. de Geus, T. Korver, A.F. Hartog,
J.A. Berden, Binding and hydrolysis of 2-azido-ATP and 8-
azido-ATP by isolated mitochondrial F1 : characterisation of
high-a⁄nity binding sites, Biochim. Biophys. Acta 850
(1986) 359^368.
[31] C.M. Edel, A.F. Hartog, J.A. Berden, Inhibition of mito-
chondrial F1-ATPase activity by binding of (2-azido-)ADP
to a slowly exchangeable non-catalytic nucleotide binding
site, Biochim. Biophys. Acta 1101 (1992) 329^338.
[32] C.M. Edel, A.F. Hartog, J.A. Berden, Analysis of the inhib-
itory non-catalytic ADP binding site on mitochondrial F1,
using NAP3-2N3ADP as probe. E¡ects of the modi¢cation
on ATPase and ITPase activity, Biochim. Biophys. Acta
1229 (1995) 103^114.
[33] D.A. Bullough, J.G. Verburg, M. Yoshida, W.S. Allison,
Evidence for functional heterogeneity among the catalytic
sites of the bovine heart mitochondrial F1-ATPase, J. Biol.
Chem. 262 (1987) 11675^11683.
[34] D.A. Bullough, E.L. Brown, J.D. Saario, W.S. Allison, On
the location and function of the noncatalytic sites on the
bovine heart mitochondrial F1-ATPase, J. Biol. Chem. 263
(1988) 14053^14060.
[35] F. Penin, C. Godinot, D. Gautheron, Optimization of the
puri¢cation of mitochondrial F1-adenosine triphosphatase,
Biochim. Biophys. Acta 548 (1979) 63^71.
[36] H. Baubichon, C. Godinot, A. Di Pietro, D.C. Gautheron,
Competition between ADP and nucleotide analogues to oc-
cupy regulatory site(s) related to hysteretic inhibition of mi-
tochondrial F1-ATPase, Biochem. Biophys. Res. Commun.
100 (1981) 1032^1038.
[37] J.-M. Jault, W.S. Allison, Hysteretic inhibition of the bovine
heart mitochondrial F1-ATPase is due to saturation of non-
catalytic sites with ADP which blocks activation of the en-
zyme by ATP, J. Biol. Chem. 269 (1994) 319^325.
[38] J. Lunardi, J. Garin, J.-P. Issartel, P.V. Vignais, Mapping of
nucleotide-depleted mitochondrial F1-ATPase with 2-Azido-
[K-32P]adenosine diphosphate, J. Biol. Chem. 262 (1987)
15172^15181.
[39] Y.M. Milgrom, P.D. Boyer, The ADP that binds tightly to
nucleotide-depleted mitochondrial F1-ATPase and inhibits
catalysis is bound at a catalytic site, Biochim. Biophys.
Acta 1020 (1990) 43^48.
[40] R.E. Ebel, H.A. Lardy, Stimulation of rat liver mitochon-
drial adenosinetriphosphatase by anions, J. Biol. Chem. 250
(1975) 191^196.
[41] D. Recktenwald, B. Hess, Allosteric in£uence of anions on
mitochondrial ATPase of yeast, FEBS Lett. 76 (1977)
25^28.
[42] E. Stutterheim, M.A.C. Henneke, J.A. Berden, Studies on
the structure and conformation of yeast mitochondrial ATP-
BBABIO 44835 22-5-00
J.A. Berden, A.F. Hartog / Biochimica et Biophysica Acta 1458 (2000) 234^251 249
ase using aurovertin and methanol as probes, Biochim. Bio-
phys. Acta 592 (1980) 415^430.
[43] R.H.A. Bakels, H.S. van Walraven, J.E. van Wielink, I. Van
der Zwet-de Graa¡, B.E. Krenn, K. Krab, J.A. Berden, R.
Kraayenhof, The e¡ect of sul¢te on the ATP hydrolysis and
syntheses activity of membrane-bound H-ATP synthase
from various species, Biochem. Biophys. Res. Commun.
201 (1994) 487^492.
[44] D.A. Harris, J. Rosing, R.J. van der Stadt, E.C. Slater, Tight
binding of adenine nucleotides to beef-heart mitochondrial
ATPase, Biochim. Biophys. Acta 314 (1973) 149^153.
[45] F.E. Possmayer, Charakterisierung der nucleotidbindungs-
pla«tze der H-ATPase aus Chloroplasten, PhD Thesis, Bio-
logisches Institut der Universita«t Stuttgart, 1995.
[46] S. Beharry, P.D. Bragg, The bound adenine nucleotides of
puri¢ed bovine mitochondrial ATP synthase, Eur. J. Bio-
chem. 240 (1996) 165^172.
[47] I. van der Zwet-de Graa¡, A.F. Hartog, J.A. Berden, Mod-
i¢cation of membrane-bound F1 by FSBA: sites of binding
and e¡ect on activity, Biochim. Biophys. Acta 1318 (1997)
123^132.
[48] A.F. Hartog, C.M. Edel, J. Braham, A.O. Muijsers, J.A.
Berden, FSBA modi¢es both K- and L-subunits of F1 specif-
ically and can be bound together with AXP at the same
K-subunit, Biochim. Biophys. Acta 1318 (1997) 107^122.
[49] D.A. Bullough, W.S. Allison, Three copies of the L subunit
must be modi¢ed to achieve complete inactivation of the
bovine mitochondrial F1-ATPase by 5P-p-£uorosulfonylben-
zoyladenosine, J. Biol. Chem. 261 (1986) 5722^5730.
[50] F.A.S. Kironde, R.L. Cross, Adenine nucleotide binding
sites on beef heart F1-ATPase, J. Biol. Chem. 262 (1987)
3488^3495.
[51] C. Grubmeyer, R.L. Cross, H.S. Penefsky, Mechanism of
ATP hydrolysis by beef heart mitochondrial ATPase,
J. Biol. Chem. 257 (1982) 12092^12100.
[52] Y.M. Milgrom, M.B. Murataliev, Steady-state rate of F1-
ATPase turnover during ATP hydrolysis by the single cata-
lytic site, FEBS Lett. 212 (1987) 63^67.
[53] J.A. Berden, A.F. Hartog, C.M. Edel, Hydrolysis of ATP by
F1 can be described only on the basis of a dual-site mecha-
nism, Biochim. Biophys. Acta 1057 (1991) 151^156.
[54] R.L. Cross, C.M. Nalin, Adenine nucleotide binding sites on
beef heart F1-ATPase, J. Biol. Chem. 257 (1982) 2874^2881.
[55] C.M. Edel, A.F. Hartog, J.A. Berden, Identi¢cation of an
exchangeable non-catalytic site on mitochondrial F1-ATPase
which is involved in the negative cooperativity of ATP hy-
drolysis, Biochim. Biophys. Acta 1142 (1993) 327^335.
[56] R.L. Cross, C. Grubmeyer, H.S. Penefsky, Mechanism of
ATP hydrolysis by beef heart mitochondrial ATPase,
J. Biol. Chem. 257 (1982) 12101^12105.
[57] E.C. Slater, J.A. Berden, M.B.M. van Dongen, The mecha-
nism of action of mitochondrial ATPase (ATP Synthase),
J. Protein Chem. 5 (1986) 177^192.
[58] M.B.M. van Dongen, J.A. Berden, Demonstration of two
exchangeable non-catalytic and two cooperative catalytic
sites in isolated bovine heart mitochondrial F1, using the
photoa⁄nity labels [2-3H]8-azido-ATP and [2-3H]8-azido-
ADP, Biochim. Biophys. Acta 850 (1986) 121^130.
[59] J.-M. Jault, W.S. Allison, Slow binding of ATP to noncata-
lytic nucleotide binding sites which accelerates catalysis is
responsible for apparent negative cooperativity exhibited
by the bovine mitochondrial F1-ATPase, J. Biol. Chem.
268 (1993) 1558^1566.
[60] M.B. Murataliev, P.D. Boyer, Interaction of mitochondrial
F1-ATPase with trinitrophenyl derivatives of ATP and ADP,
J. Biol. Chem. 269 (1994) 15431^15439.
[61] A.E. Senior, The proton-translocating ATPase of Escheri-
chia coli, Annu. Rev. Biophys. Biophys. Chem. 19 (1990)
7^41.
[62] J. Weber, S. Wilke-Mounts, R.S.-F. Lee, E. Grell, A.E.
Senior, Speci¢c placement of tryptophan in the catalytic
sites of Escherichia coli F1-ATPase provides a direct probe
of nucleotide binding: Maximal ATP hydrolysis occurs
with three sites occupied, J. Biol. Chem. 268 (1993) 20126^
20133.
[63] F.E. Possmayer, A.F. Hartog, J.A. Berden, P. Gra«ber, Co-
valent modi¢cation of the catalytic sites of the H-ATPase
from chloroplasts, CF0F1, with 2-azido-[K32P]ADP: Modi¢-
cation of the catalytic site 2 (loose) and the catalytic site 3
(open) impairs multi-site, but not uni-site catalysis of both
ATP synthesis and ATP hydrolysis, Biochim. Biophys. Acta
1456 (2000) 77^98.
[64] A. Matsuno-Yagi, Y. Hate¢, Studies on the mechanism of
oxidative phosphorylation, J. Biol. Chem. 268 (1993) 1539^
1545.
[65] I. van der Zwet-de Graa¡, ATP synthesis in submitochon-
drial particles; e¡ect of modi¢cation of nucleotide binding
sites of F1F0-ATP synthase, PhD Thesis, University of Am-
sterdam, 1996.
[66] J.J. Czarnecki, Tautomerism of 2-azidoadenine nucleotides.
E¡ects on enzyme kinetics and photoa⁄nity labeling, Bio-
chim. Biophys. Acta 800 (1984) 41^51.
[67] J.J. Czarnecki, M.S. Abbott, B.R. Selman, Photoa⁄nity la-
beling with 2-azidoadenosine diphosphate of a tight nucleo-
tide binding site on chloroplast coupling factor 1, Proc. Natl.
Acad. Sci. USA 79 (1982) 7744^7748.
[68] J. Garin, F. Boulay, J.P. Issartel, J. Lunardi, P.V. Vignais,
Identi¢cation of amino acid residues photolabeled with
2-Azido[K-32P]adenosine Diphosphate in the L subunit of
beef heart mitochondrial F1-ATPase, Biochemistry 25
(1986) 4431^4437.
[69] A.F. Hartog, C.M. Edel, F.B. Lubbers, J.A. Berden, Char-
acteristics of the non-exchangeable nucleotide binding sites
of mitochondrial F1 revealed by dissociation and reconstitu-
tion with 2-azido-ATP, Biochim. Biophys. Acta 1100 (1992)
267^277.
[70] W.W. Andrews, F.C. Hill, W.S. Allison, Identi¢cation of
essential tyrosine residue in the L subunit of bovine heart
mitochondrial F1-ATPase that is modi¢ed by 7-Chloro-4-ni-
tro[14C]benzofurazan, J. Biol. Chem. 259 (1984) 8219^8225.
[71] M. Hollemans, M.J. Runswick, I.M. Fearnley, J.E. Walker,
The site of labeling of the L-subunit of bovine mitochondrial
BBABIO 44835 22-5-00
J.A. Berden, A.F. Hartog / Biochimica et Biophysica Acta 1458 (2000) 234^251250
F1-ATPase with 8-Azido-ATP, J. Biol. Chem. 258 (1983)
9307^9313.
[72] J.G. Verburg, W.S. Allison, Tyrosine K244 is derivatized
when the bovine heart mitochondrial F1-ATPase is in-
activated with 5P-p-£uorosulfonylbenzoylethenoadenosine,
J. Biol. Chem. 265 (1990) 8065^8074.
[73] J. Garin, M. Vinc°on, J. Gagnon, P.V. Vignais, Photolabeling
of mitochondrial F1-HATPase by 2-Azido[3H]ADP and 8-
Azido[3H]ADP entrapped as £uorometal complexes into the
catalytic sites of the enzyme, Biochemistry 33 (1994) 3772^
3777.
[74] G.L. Orriss, A.G. Leslie, K. Braig, J.E. Walker, Bovine F1-
ATPase covalently inhibited with 4-chloro-7-nitrobenzofura-
zan: the structure provides further support for a rotary cat-
alytic mechanism, Structure 6 (1998) 831^837.
[75] S.J. Ferguson, W.J. Lloyd, G.K. Radda, The mitochondrial
ATPase. Selective modi¢cation of a nitrogen residue in the
beta subunit, Eur. J. Biochem. 54 (1975) 127^133.
[76] J.-M. Jault, W.S. Allison, ADP tethered to tyrosine-L345 at
the catalytic site of the bovine heart F1-ATPase is converted
to tethered AMP by Mg2-dependent hydrolysis when the
enzyme is photoinactivated with 2-N3-ADP, FEBS Lett. 347
(1994) 13^16.
[77] P. Aloise, Y. Kagawa, P.S. Coleman, Comparative Mg2-
dependent sequential covalent binding stoichiometries of 3P-
O-(4-benzoyl)benzoyl adenosine 5P-diphosphate of MF1,
TF1 and the K3L3 core complex of TF1, J. Biol. Chem. 266
(1991) 10368^10376.
[78] A.F. Hartog, J.A. Berden, One of the non-exchangeable nu-
cleotides of the mitochondrial F1-ATPase is bound at a
L-subunit: evidence for a non-rotatory two-site catalytic
mechanism, Biochim. Biophys. Acta 1412 (1999) 79^93.
[79] A. Di Pietro, F. Penin, C. Godinot, D.C. Gautheron, ‘Hys-
teretic’ behavior and nucleotide binding sites of pig heart
mitochondrial F1 adenosine 5P-triphosphate, Biochemistry
19 (1980) 5671^5678.
[80] J.H. Wang, Chemical evidence for probably nonequivalent
beta subunits in F1 adenosinetriphosphatase, Biochemistry
23 (1984) 6350^6354.
[81] J.H. Wang, Functionally distinct L subunits in F1-adenosi-
netriphosphatase, J. Biol. Chem. 260 (1985) 1374^1377.
[82] P. Nieboer, A.F. Hartog, J.A. Berden, Dissociation-reconsti-
tution experiments support the presence of two catalytic
L-subunits in mitochondrial F1, Biochim. Biophys. Acta
894 (1987) 277^283.
[83] K. Miwa, M. Ohtsubo, K. Denda, T. Hisabori, T. Date, M.
Yoshida, Reconstituted F1-ATPase complexes containing
one impaired L-subunit are ATPase-active, J. Biochem. 106
(1989) 679^683.
[84] T. Amano, T. Hisabori, E. Muneyuki, M. Yoshida, Catalytic
activities of K3L3Q Complexes of F1-ATPase with 1, 2, or 3
incompetent catalytic sites, J. Biol. Chem. 271 (1996) 18128^
18133.
[85] M.K. Al-Shawi, A.E. Senior, Complete kinetic and thermo-
dynamic characterization of the unisite catalytic pathway of
Escherichia coli F1-ATPase, J. Biol. Chem. 263 (1988)
19640^19648.
[86] P. Turina, R.A. Capaldi, ATP binding causes a conforma-
tional change in the Q-subunit of the Escherichia coli F1-
ATPase which is reversed on bond cleavage, Biochemistry
33 (1994) 14275^14280.
[87] P. Fromme, P. Gra«ber, Heterogeneity of ATP-hydrolyzing
sites on reconstituted CF0F1, FEBS Lett. 259 (1989) 33^36.
[88] A. Labahn, Die H-ATPase aus Chloroplasten: Die kinetik
der mit einem protonentransport gekoppelten ATP-synthese
auf einem bindungsplatz, PhD Thesis, Physikalische und
Angewandte Chemie der Technischen Universita«t Berlin,
1991.
[89] G. Berger, G. Girault, J.-L. Zimmermann, Cooperativity
between the enzymatic sites of F1-ATPase revisited by the
use of HPLC methods, J. Bioenerg. Biomembr. 30 (1998)
543^553.
[90] H.S. Penefsky, Rate of chase-promoted hydrolysis of ATP in
the high a⁄nity catalytic site of beef heart mitochondrial
ATPase, J. Biol. Chem. 263 (1988) 6020^6022.
[91] T.M. Duncan, A.E. Senior, The defective proton-ATPase of
uncD mutants of Escherichia coli. Two mutations which af-
fect the catalytic mechanism, J. Biol. Chem. 260 (1985)
4901^4907.
[92] T. Noumi, M. Taniai, H. Kanazawa, M. Futai, Replacement
of arginine 246 by histidine in the beta subunit of Escherichia
coli H-ATPase resulted in loss of multi-site ATPase activ-
ity, J. Biol. Chem. 261 (1986) 9196^9201.
[93] R. Xiao, H.S. Penefsky, Unisite catalysis and the N subunit
of F1-ATPase in Escherichia coli, J. Biol. Chem. 269 (1994)
19232^19237.
[94] C. Kaibara, T. Matsui, T. Hisabori, M. Yoshida, Structural
asymmetry of F1-ATPase caused by the Q subunit generates a
high a⁄nity nucleotide binding site, J. Biol. Chem. 271
(1996) 2433^2438.
[95] T. Hisabori, E. Muneyuki, M. Odaka, K. Yokayama, K.
Mochizuki, M. Yoshida, Single site hydrolysis of 2P,3P-O-
(2,4,6-trinitrophenyl)-ATP by the F1-ATPase from thermo-
philic bacterium PS3 is accelerated by the chase-addition of
excess ATP, J. Biol. Chem. 267 (1992) 4551^4556.
[96] H. Noji, R. Yasuda, M. Yoshida, K. Kinosita Jr., Direct
observation of the rotation of F1-ATPase, Nature 386
(1997) 299^302.
BBABIO 44835 22-5-00
J.A. Berden, A.F. Hartog / Biochimica et Biophysica Acta 1458 (2000) 234^251 251
